Fabrication procedure and refractive index (RI) sensitivity of a diamond-like carbon (DLC) nano-coated optical fiber sensing structure is presented. The overlays were deposited by Radio Frequency Plasma Assisted Chemical Vapor Deposition (RF PACVD) method on both cores of a polymer-clad silica (PCS) multimode optical fibers and oxidized silicon wafers. It is shown that thin (120 to 330 nm in thickness measured on the silicon wafers) and high refractive index (~2.14 at λ=620 nm) overlays can effectively modify optical response of the structures to variation of the external RI. By deposition of the overlay we achieved 5-times increase in the RI sensitivity of the investigated samples.
Introduction
There is a number of works published on application of optical fibers coated with overlays initiating or enhancing sensitivity of such structures to presence of chemical compounds or biological molecules [1] . Majority of the applied films, typically tens or hundreds μm in thickness, absorb the investigated stimulant resulting in variations in both optical properties of the film and light propagation conditions in the optical structure [2] . Recently, there has been shown another group of sensors where due to high refractive index of the overlay, the film can effectively tune RI sensitivity of the optical fiber structures, when the film is only tens to hundreds nm in thickness [3, 4] . This approach allows for application of a chemically or biologically sensitive film on top of the nano-coating resulting in developing of both a highly sensitive and selective device.
In this work we applied Radio Frequency Plasma Assisted Chemical Vapor Deposition (RF PACVD) method for deposition of a hard, smooth and wear resistant diamond-like carbon (DLC) nano-coatings, which additionally are biocompatible and show high resistance to a number of chemical solutions.
Comparing to other films applied by other authors, DLC overlays show excellent mechanical and chemical stability, which result in high robustness of the obtained device. Relatively low-temperature process allows for DLC deposition also on optical fibers [4, 5] . Moreover, the thickness of the RF plasmabased deposited DLC film can be well controlled simply by deposition time. Comparing to other methods applied up to date for thin film deposition on optical fibers, the RF PACVD is well controllable in nanoscale, time efficient, repeatable and cheap when mass fabrication is considered.
Experimental details
The 400 μm in core diameter polymer-clad silica (PCS) optical fiber samples, where polymer coating and cladding were mechanically and chemically removed from 25 mm-long section, were suspended 5 mm over the electrode in RF PACVD reactor. The DLC films were deposited in 2 to 7 minutes-long processes on both core of optical fiber and reference oxidized silicon wafer placed directly on the electrode. Part of the fabricated structure is shown in Fig. 1a . The silicon wafers allowed for investigations of properties of the deposited DLC, i.e., their thickness, refractive index and extinction coefficient, using spectroscopic ellipsometer [6] . RI measurements were performed using setup presented in Fig. 1b . The samples were immersed in various liquids showing RI in range from 1.33 to 1.41 RI unit (RIU). Laser working at λ=630 nm has been applied as an optical source. The structure's response to variations in the RI was calculated as power detected by the detector after immersing in the investigated liquid referred to power measured for the sample in air.
(a) (b) Fig. 1 . Experimental setup, where (a) shows scanning electron microscope image of a part of the fabricated PCS-based sensing structure with DLC overlay and (b) scheme of the setup applied for external RI measurements.
Results and discussion
The properties of the DLC films changes with RF plasma deposition time (Fig. 2) . When optical properties are concerned, the refractive index at λ = 620 nm varies from 2.11 to 2.17, reaching its maximum for 5 to 6 minutes long deposition. On the other hand, the extinction coefficient, which represents optical absorption, is low (below 0.14) and slightly decreases for deposition longer than 3 minutes. The effect of changes in optical properties of the films is correlated with modification in the film's structure during the deposition [6] . Despite of fluctuations in optical properties of the film with their deposition time, its thickness on the silicon wafers increases with deposition time reaching deposition rate of over 41 nm/min. Influence of the deposition on response of the optical fiber structures with DLC overlays was investigated next. Depending on the DLC deposition time the transmission of the samples vs. external RI increases reaching from 115 to 527 %/RIU (Fig. 3a) . It must be noticed that for the PCF-based samples with no DLC overlay, the transmission slightly decreases in the investigated RI range due to change in total internal reflection conditions. The presence of the thin DLC film significantly modifies this effect, allowing for light propagation in the overlay and further to the detector. The sensitivity to variations in RI reaches its maximum for 4-minutes-long deposition, when it starts to decrease with deposition time and then increase again for 7-minutes-long process (Fig. 3b) . Moreover, it can be seen that the response to immersing in water can be simply tuned due to a fact that it is linearly dependent on the DLC deposition time (Fig. 3b) . Simple and highly sensitive humidity sensors can be achieved this way, where thin water film is condensed on the surface of the sensor. The response can be negative or positive, for processes shorter and longer than 3 min., respectively. The 3-minutes-long deposition makes the structure insensitive to water. This finding depending on demand allows for developing devices sensitive of insensitive to presence of water.
Conclusions
The DLC film deposited on core of the PCS fiber can effectively modify the response of such a structure to variations in external refractive index, due to its high refractive index (from 2.11 to 2.17) and low absorption. The effect is strictly dependent on both optical properties and thickness of the film, that change with deposition time. The RI sensitivity can be as high as 527 %/RIU when the deposition is carried on for 4 minutes, and as low as 115 %/RIU when the deposition was 2-minutes-long. Depending on one needs, a RI sensor or a humidity sensor can be developed by adjusting the DLC deposition parameters, e.g., deposition time.
